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1983.-Proximal tubules are lined with epithelial cells that contain Na-K-ATPase in their basolateral cell membrane. The luminal cell membrane contains transport proteins that couple movement of many solutes to the active transport of sodium. The cells are connected by low-resistance junctional complexes that permit passive movement of solutes via a paracellular shunt pathway. Acidification is mediated by a Na/ H antiporter localized specifically in the luminal membrane and a chlorideindependent, voltage-dependent bicarbonate exit process in the basolateral membrane. The rate of acidification is controlled by the pH of the luminal and peritubular fluids. Reabsorption of NaCl from the high-chloride,'lowbicarbonate fluid in the late proximal ,tubule is approximately 40% passive and 60%' active. In proximal straight tubules the active component is entirely by simple rheogenic sodium transport, with chloride absorption driven through the paracellular shunt pathway by the lumen-negative PD. In convoluted tubules the active component is primarily neutral, with both sodium and chloride transported in approximately equivalent amounts through the cell. The mechanisms for neutral NaCl transport across the luminal membrane and for chloride exit across the basolateral membrane are unknown.
A reduction in peritubular Starling forces (hydraulic and oncotic pressures) suppresses net proximal reabsorption by tko mechanisms: 1) increased paracellular permeability with modest backleak of solutes (bicarbonate, glucose, amino acids) whose luminal concentration falls below their plasma level, and 2) specific inhibition of active neutral transcellular transport of NaCl by reduced peritubular protein concentra-' tion by some mechanism other than inhibition of Na-K-ATPase. mately 60 mV negative with respect to the ambient fluids, ander Leaf (39) discussed a prototypic "tight" epithelium, for two reasons. First, potassium diffuses out of the cell the toad bladder, and its relevance to the kidney, particdown its concentration gradient, generating a diffusion ularly the more distal parts of the nephron. In my lecture potential difference. Second, the Na-K-ATPase system I consider a prototypic "leaky" epithelium-the proximal tubule of the mammalian kidney.
The epithelial cells that line the proximal tubule are structurally polarized and are capable of vectorial transport of solutes and water. Na-K-ATPase is present in the basolateral cell membrane but not in the luminal cell membrane. The enzyme complex pumps sodium out of the cell in exchange for potassium and maintains cellular pumps three sodium ions out of the cell in exchange for two potassium ions and functions as an electrogenic, current-carrying pump. Biagi et al. (12, 13) have shown that when the pump is inhibited by removing potassium from peritubular fluid both intracellular potassium concentration and basolateral PD decline. When potassium is added back to peritubular fluid, the basolateral membrane repolarizes in two phases: a rapid phase attributaconcentrations of sodium lower and potassium higher ble to electrogenicity of the pump and a slower phase than their respective concentrations in ambient fluids. associated with regeneration of the potassium concentraThe cell interior becomes electrically polarized, approxition gradient. The asymmetric distribution of Na-KATPase provides the basis for the vectorial transport of etc.), and 5) protons or hydroxyl ions. In the basolateral cell membranes, a Na/Ca antiporter has been described that drives calcium extrusion from the cell (40) . In addition, there are transport proteins in the basolateral membrane that permit facilitated d-ion of glucose, amino acids, and other reabsorbed solutes out of the cell down their respective electrochemical gradients. The cells lining the proximal nephron are connected by junctional complexes that are permeable to ions and other small molecular weight solutes. The transepithelial electrical resistance of the proximal tubule is low, ranging from 5 to 20 &cm2 and is thought to reflect the high electrical conductivity of this paracellular shunt pathway (9, 16, 26, 38, 42) . The electrical resistances of the apical and basolateral cell membranes have not been measured in the mammalian proximal tubule but are presumed to be several times greater than the paracellular resistance. The low-resistance paracellular pathway, therefore, constitutes an additional route through which passive movement of solutes, particularly ions, might be coupled to active sodium transport.
Two of the transport functions of the proximal tubule deserve detailed comment. These are acidification of the tubular fluid and the reabsorption of NaCl. The mechanism of acidification can be examined by measuring the extent of disequilibrium of the C02-bicarbonate buffer system in the tubular fluid in situ. Hydrogen ion secretion into the' bicarbonate-containing tubular fluid would generate excess H&O3 and cause disequilibrium in an acid direction. Bicarbonate reabsorption, on the other hand, would not disturb the equilibrium between H&03 and CO2 or, if nonbicarbonate b&ers were present, would consume H&03 and shift the intratubular pH in an alkaline direction. This approach to determining the mechanism of tubular acidification was implicit in the early work of Pitts and Berliner (8) and their associates, but was first explicitly proposed for the proximal tubule by Walser and Mudge (63) . The first data bearing on the mechanism of NaHC03 reabsorption in the proximal convoluted tubule (PCT) employing this approach was obtained in our laboratory in Dallas (48) . We used pHsensitive glass microelectrodes to measure the intratubular pH of rat proximal tubules. The equilibrium pH was calculated from luminal bicarbonate concentration and arterial Pco2, assuming luminal and arterial Pco2 to be equal. We found that during NaHC03 infusion the measured intratubular pH was equal to the calculated equilibrium value. However, after inhibition of carbonic anhydrase with benzolamide, the tubular fluid became more acid than the calculated equilibrium value. These results were subsequently confirmed by Vieira and Malnic (62) . These early studies calculated the equihbrium pH from the intratubular bicaibonate concentration and aerial PCOZ, assuming that CO2 was readily dif&-sible across the tubule epithelium.
The validity of this assumption was brought into question by studies by Malnic and Mello-Aires (43) , which suggested that C& diffusion across the tubule wall was slow, and by studies showing that intratubular PCO~ was significantly greater than arterial PCOZ (23, 60) . Consequently, the mechanism of bicarbonate reabsorption has been reexamined in a more precise manner by DuBose and associates (24) . They measured intratubular pH with glass microelectrodes, intratubular PCOZ with Pcoz-sensitive microelectrodes, and intratubular total CO2 concentration by microcalorimetry.
Their results confirmed the earlier studies. The intratubular pH was equal to the calculated equilibrium pH in control conditions but became more acid after inhibition of carbonic *anhydrase. Thus, the experimental evidence strongly supports two conclusions: I) proton secretion is the primary mechanism for acidification in the proximal tubule, and 2) the enzyme carbonic anhydras~ is in functional contact with the luminal fluid.
Histochemical and cell fractionation studies have demonstrated carbonic anhydrase in the brush border and basolateral membranes as well as in the cytoplasm (see Ref. 22 for review). Recent studies by Lucci and associates (41) have shown that selective inhibition of the brush border enzyme by a dextran-bound, nonabsorbable inhibitor reduces proximal bicarbonate reabsorption by 75% and produces an acid disequilibrium pH in the luminal fluid. Accordingly, this brush border enzyme plays a quantitatively significant role in facilitating bicarbonate reabsorption by catalyzing the breakdown of luminal H&03. A second inhibitor that rapidly dif%ses into the cell and selectively inhibits the cytosolic enzyme also reduces bicarbonate reabsorption by 75% but produces little, if any, acid disequilibrium pH in the lumen. The principal role of the cytosolic enzyme is in the maintenance of an adequate intracellular supply of H+ for the secretory process. The role of the basolateral membrane-bound enzyme is not known, bu .t it may facilitate the exit of bicarbonate from the cell. Fromter and Sato (29) have proposed that hydroxyl ions are the buffer species crossing the basolateral cell membrane and that the membrane-bound carbonic anhydrase might serve to facilitate the exchange between bicarbonate and hydroxyl ions as well as serve as the conductive pathway for hydroxyl ions.
Two models have been proposed for hydrogen secretion in various epithelia (Fig. 1) . One mechanism involves a Na/H antiporter in which H+ is secreted in exchange for sodium. The process is electroneutral and is driven by the Na concentration gradient across the lurninal membrane. For this process H+ secretion is dependent on the presence of ambient Na and an intact Na-KATPase system. In support of this mechanism, a neutral Na/H antiporter has been unequivocably demonstrated in brush border vesicles isolated from kidneys (45) . A second mechanism is electrogenic H+ secretion. This primary active transport system is uncoupled from Na transport and instead is directly coupled to some source I. Neutral Na+-H+ Exchange could secondarily alter the rate of a putative independent proton secretory mechanism, these findings do not necessarily mean that all acidification is driven by Na concentration gradients via a Na/H antiporter. -However, they do obviate the need for postulating Na-independent proton secretory mechanisms until more compelling evidence becomes available. of metabolic energy (e.g., ATP). This system carries positive charge from cell to lumen, can generate a lumenpositive PD, and can occur in the absence of ambient Na or Na transport. Burg and Green (17) and McKinney and Burg (44) were the first to demonstrate that acidification in the isolated rabbit renal tubule could be inhibited 60-80% by removal of ambient Na or inhibition of Na transport. Similar results have been obtained in rat PCT. Ullrich et al. (61), employing glycodiazine transport as an indirect measure of acidification, found strong dependence on sodium transport. More direct studies by Chantrelle et al. (20) in our laboratory and Chan and Giebisch (19) found that bicarbonate reabsorption was inhibited by at least 80% by removal of ambient Na or inhibition of sodium transport.
Most of the published studies show that approximately 20% of the initial rate of acidification persists after inhibition of sodium transport, suggesting some component of electrogenic proton secretion in addition to Na/H exchange. However, recent studies by Sasaki et al. (54) question whether there is any residual acidification independent of Na transport. In these studies in the isolated rabbit PCT, Na-K-ATPase was inhibited by removing K+ from the ambient solutions. When bath K+ concentration was progressively lowered, sodium transport, as reflected by volume absorption, and acidification, as reflected by net total CO2 absorption, were both inhibited proportionately (Fig. 2 ). When bath K was zero there was still some residual acidification representing about 6% of the initial rate. However, this rate of CO2 loss was not different from the rate that occurred when the solution was perfused directly into the collecting pipette without passing through a tubule, as shown by the stippled band in Fig. 2 . These studies, therefore, suggest that all acidification is dependent on sodium --transport. Since there can be many changes in the intracellular milieu when sodium transnort is inhibited that
Much is known about the characteristics of the Na/H antiporter. Na/H antiporters exist in a wide variety of epithelial and nonepithelial tissues. In the nonepithelial tissues, the antiporter plays a key role in the regulation of cell pH. In the epithelial tissues, the antiporter may play a role in regulation of intracellular pH as well as participate in transport of acidic or alkaline solutions. In the salamander kidney Boron and Boulpaep (14) have presented evidence that an Na/H antiporter exists in both apical and basolateral cell membranes and that its primary role is regulation of cell pH. Vectorial transport of bicarbonate by this tissue is not conveyed by an asymmetric distribution of Na/H antiporter activity but rather by localization of a bicarbonate exit process in the basolateral membrane. .In contrast, in the rabbit kidney, Ives et al. (35) have been unable to demonstrate any Na/ H antiporter in the basolateral membrane. In their studies a crude preparation containing both brush border and basolateral cell membrane vesicles was separated on a sucrose-density gradient. Good separation between brush border membrane vesicles, indicated by the marker enzyme maltase, and basolateral membrane vesicles, indicated by Na-K-ATPase activity, was obtained. The brush border membrane vesicles had high Na/H antiporter activity, whereas the basolateral membrane vesicles were devoid of this activity. Thus, the mammalian kidney, which, in contrast to the salamander kidney, is capable of acidifying the luminal fluid relative to blood, has asymmetric localization luminal membrane. of the Na/H antiporter to the For each proton secreted into the lumen a bicarbonate ion is generated in the cell, which must exit across the basolateral cell membrane (Fig. 3) (17); which showed that the rate of acidification was not influenced by replacing chloride in the ambient fluids with nitrate. Sasaki and Berry (unpublished observations) recently confirmed these observations. They found that replacing chloride with isethionate in perfusion and bath solutions had no effect on the rate of bicarbonate absorption. Accordingly, Cl-/HCOg exchange appears to play no role in proximal acidification.
An alternative possibility, shown in panel A, is that bicarbonate moves across the basolateral cell membrane through a conductive pathway driven by the electrochemical gradient for bicarbonate. Early studies showed that lowering peritubular bicarbonate concentration depolarized the basolateral membrane PD (29). This was interpreted as evidence for a bicarbonate-conductive pathway. More recent studies (7, I 12), however, questioned this interpretation and have suggested that lowering bath bicarbonate depolarizes the basolateral membrane not by inducing a bicarbonate diffusion PD but . rather by pH effects on potassium conductance. Ives, Yee, and Warnock (unpublished observations), on the other hand, have found evidence for H+ and/or OHconductance in basolateral membrane vesicles.
Sasaki and Berry (52) have examined this question by determining the effects of changing basolateral membrane PD on the rate of acidification.
In their studies, basolateral membrane PD was reduced by adding Ba2+ to the bath solution. In rabbit proximal tubules perfused in vitro, Biagi et al. (12) found that addition of 2 mM Ba2' to the bath solution blocked the potassium conductance of the basolateral membrane and reduced the PD from -55 to -25 mV, a decrease of 50%. In a similar type of study Sasaki and Berry (52) found that addition of 2 mM Ba2' to the bath reduced bicarbonate absorption by approximately 50% (Fig. 4) . This finding suggests that bicarbonate exit from the cell is via a mechanism that is strongly influenced by the basolateral PD. The simplest explanation for this effect would be a conductive pathway for either bicarbonate or hydroxyl ions across the basolateral membrane.
Thus, acidification in the mammalian proximal tubule is coupled to active sodium transport by the Na/H antiporter in the luminal membrane and a voltage-dependent bicarbonate or hydroxyl exit mechanism in the basolateral membrane. The rate at which this process operates is controlled in part by the' acid-base composition of luminal and peritubular fluids (1, 2, 53) .
In pmolmm%nin~l. The maximal proton secretory rate can be influenced by the acid-base status of the animal (2). Acute metabolic alkalosis, produced by infusing NaHC03 into the rat, inhibits the maximal rate of proton secretion to 75 pmole --L&-l.
Acute metabolic acidosis has the reverse effect and stimulates the rate of proton secretion. In part these changes in the rate of acidification can be explained by changes in the transluminal membrane proton gradients influencing the rate of the antiporter. In addition, however, the intrinsic activity .of the Na/H antiporter might change. Aronson et al. (5) have presented evidence that in isolated brush border membrane (BBM) vesicles ambient pH regulates antiporter activity by allosteric effects. Furthermore, Cohn et al. (21) have shown in dogs that alterations in acid-base status produce adaptive changes in Na/H antiporter activity.
At this point, I wish to consider some of the compositional changes that occur in the luminal fluid and the relationship of these changes to NaCl absorption. The tubular fluid-to-plasma (TF/P) concentration ratio of several substances is plotted as a function of length along the proximal tubule in Fig. 7 . The TF/P inulin ratio rises to approximately F466 F.C.RECTOR tion rises second.ay to the isosmotic reabsorption of water. Early in the-proximal tubule the transepithelial stilbene-2,2'disulfonate, furosemide). There is no good evidence of simple rheogenic Na transport capable of PD is lumen negative (6, 27) , secondary to the electrodriving chloride absorption passively through extracelgenie nature of sodium transport coupled to glucose and &in0 acids (37) . As these &lutes f& to 1oW levels and lular shunt pathways in this-segment. In the juxtamedullary PCT there appears to be-both neutral NaCl abthe chloride concentration rises, the transepithelial PD sorption as well as simple rheogenic sodium transport. changes to lumen-positive values (6) . This PD is PD generated by the chloride and bicarbonate a bionic concentration gradients and the greater permeability of the tubule to chloride (37) .
Early in the PCT, where tubule fluid chloride concentration is still similar to that in plasma there is very little chloride reabsorption. Only further along in the tubule, after the luminal chloride concentration has risen above that in plasma and the PD has become positive, does NaCl absorption become significant. In part, this changing rate of chloride reabsorption can be attributed to the effects of anion concentration gradients in generating passive transport of NaCl. Studies from several different laboratories have examined the active and passive components of NaCl absorption by a perfusing either rat or rabbit tubules with a high chloride, low bicarbonate solution and measuring the rate of absorption before and after inhibiting active transport by a variety of means (cooling, zero potassium bath, ouabain, cyanide, furosemide) (see Ref. 11 
for review). Most of the studies indicate that approximately
60% of NaCl absorption is active and 40% is passive. The 40% passive component of NaCl absorption presumably occurs through the low-resistance paracellular pathway, primarily by diffusion. Chloride diffuses do& its concentration gradient, while the diffusion of sodium is driven by the lumen-positive transepithelial PD. There may also be some passive absorption by convection, but the extent of this is controversial (4, 28, 36, 46, 47, 55, 65) .
The mechanism of the active component of NaCl absorption from a high chloride, low bicarbonate solution is still poorly understood. One possibility is that sodium diffuses across the luminal membrane down its electrochemical gradient, not directly coupled to the movement of any other solute, and is then pumped out of the cell. This process, which has been termed simple rheogenic sodium transport, would generate a lumen-negative transepithelial PD, which, in turn, would drive chloride absorption through the low-resistance paracellular pathway. Alternatively, both sodium and chloride might move across the luminal membrane either directly or indirectly coupled, so that little or no net transcellular current flow or transepithelial PD would be generated. This process would exhibit the properties of neutral NaCl transport. Studies by Schafer et al. (56) in the PST have demonstrated convincing evidence for simple rheogenic sodium transport that is capable of generating a lumen-negative transepithelial PD sufficient to drive all chloride absorption passively through the paracellular pathway. There is no good evidence for any transcellular movement of chloride in this segment. In contrast, in the superficial and midcortical PCT the active component of chloride absorption from a high chloride solution is neutral and transcellular (see Ref. 11 for review). This process generates no transepithelial PD and can be blocked by anion transport inhibitors (e.g., 4-acetamido-4'-isothiocyano-
The mechanism of neutral transcellular NaCl absorption is poorly understood. In the mammalian nephron neither the mechanism by which Na and Cl cross the brush border membrane to enter the cell nor the mechanism by which chloride exists from the cell across the basolateral cell membrane has been defined. Three general mechanisms for neutral entry of Na and Cl across the apical cell membrane can be considered (Fig. 8) . The fist possibility is that Na and Cl enter the cell through independent conductive channels that are tightly connected electrically in order to maintain equivalent rates of Na and Cl transport. A second possible mechanism is direct coupling via a neutral symporter (see Ref. 25 for review). There is evidence that this is the mechanism for neutral NaCl transport by the small intestine, gallbladder, and Necturus proximal tubule, 'but, as yet, no evidence bearing on this process has been obtained in the mammalian tubule. The third mechanism involves the operation of two parallel antiporters: Na/H and Cl/OH.
In vitro studies with isolated brush border membrane vesicles have provided important information bearing on these mechanisms but have yet not resolved the issue. Warnock and Yee (64) have identified two modes of chloride uptake by brush border membrane vesicles. The most dominant mode can be driven by potential dserences and is clecly conductive. The second mode can be driven by pH gradients, dependent of potential differences, and is postulated to be neutral Cl/OH exchange. In contrast, Seifter et al. (58) have also found evidence of chloride conductance but no evidence for either Cl/OH exchange or NaCl cotransport. The explanation for these discrepancies is unclear at the present time. The vesicle studies of Seifter et al. would support only the conductive mechanism of neutral NaCl transport, while the studies of Warnock and Yee would be consistent with either the conductive mode or the parallel-exchanger model. Neither group has obtained any direct evidence to support a neutral NaCl symporter.
The mechanism by which chloride leaves the cell is more mysterious. Three possible mechanisms can be considered (Fig. 9) . The first is conductive movement of chloride driven by the negative basolateral membrane PD. However, electrophysiologic studies have failed to show any significant chloride conductance in the basolateral membrane (7, 26) . The second mechanism for chloride movement across the basolateral membrane might be via a Cl-/OHantiporter. However, the orientation of the relative concentration gradients of Cl and OH-(or HCOF) would always cause the exchanger to promote chloride entry rather than exit from the cell. The third mechanism for chloride exit is via a neutral KC1 symporter (49, 59 ). This mechanism employs the potassium concentration gradient to drive chloride exit uphill. The difficulty with this mechanism relates to the nature of the sodium pump. If the pump is always electrogenic with obligatory 32 coupling between sodium and potassium, then the KC1 symporter can account for only two-thirds of the chloride exit. The remaining third must exit conductively to balance the sodium current carried by the pump. Only if the coupling ratio were variable and the pump could operate in a 1:l ratio could KC1 cotransport account for all chloride exit. Clearly, the specific details of both the apical and basolateral cell membrane transport processes in this overall process of neutral NaCl transport require further study.
The physiologic control of proximal reabsorption is emerging as a complex interaction between the filtered load of specific solutes (glucose, amino acids, NaHCOa), hormonal and neural factors (angiotensin II, catechols, prostaglandins), and intrarenal physical forces. A great deal of interest has focused on the role of intrarenal physical factors (or peritubular capillary Starling forces) in the maintenance of glomerulotubular balance and in the regulation of proximal reabsorption in response to changes in extracellular volume. In general, the rate of proximal tubular reabsorption is closely correlated with the integrated Starling forces favoring absorption across the peritubular capillary membrane (see Ref. 66 for review). This correlation has given rise to the paracellular "backleak" hypothesis. According to this hypothesis the uptake of tubular reabsorbate by the capillaries is driven by the Starling forces acting across the capillary wall. A reduction in colloid osmotic pressure or an increase in hydraulic pressure in the peritubular capillaries would slow the transcapillary absorptive rate and increase interstitial pressure. The lateral interspace would dilate and mechanically increase the permeability of the junctional complex. An increased fraction of transported solutes would leak back into the lumen and net solute and water transport would be reduced. Direct evidence supporting this hypothesis came initially from Boulpaep (15) and later from other laboratories (30, 57) and showed that in most conditions associated with reduced proximal reabsorption (extracellular volume expansion or increased renal venous pressure) paracellular permeability, as measured by electrical conductivity or permeability to large solutes (e.g., sucrose), was increased. The predictions of the backleak hypothesis are that reduction in peritubular oncotic pressure should decrease paracellular electrical resistance and nonselectively inhibit the absorption of all transported solutes.
Imai and Kokko (33, 34) were the first to show that volume absorption in the isolated PCT is responsive to changes in bath protein concentration, a finding confirmed in several other laboratories (18, 31) . Berry and Cogan (9, 10) have used this preparation to examine in greater detail the mechanism by which peritubular protein concentration can modulate reabsorption. Their studies show that changing the bathing solution from serum to protein-free ultrafiltrate reduces volume absorption 40% without influencing the transepithelial PD (Fig. 10) . More important, protein removal has no effect on the transepithelial resistance. Lapointe et al. (38) have recently confirmed that protein removal in vitro has no effect on transepithelial resistance. These results indicate that protein removal inhibits overall volume absorption without changing the permeability of the paracellular pathway or the active rheogenic component of sodium transport, which in this segment is primarily that coupled to glucose and amino acid transport. The solute specificity of the protein effect was also examined (Fig. 11) . Removal of protein inhibited only NaCl absorption and had no effect on glucose or NaHCOa absorption. Since both glucose and NaHC03 transport are highly dependent on sodium transport,. these results indicate that protein removal reduces NaCl absorption by some mechanism other than inhibition of Na-K-ATPase. The effect of protein on the passive and active modes of NaCl transport was examined by perfusing tubules with a high chloride solution (Table 1) . In this circumstance, which resembles that occurring naturally in the late PCT, the chloride concentration gradients favor passive absorption of NaCl as well as neutral transcellular NaCl transport. The control rate of absorption at 39OC was 0.9 nlmm-lmin-'.
Replacing serum in the bath with protein-free ultrafiltrate reduced JV by 60% (second row, Table 1 ). Cooling the tubule to 20°C to inhibit any residual active transport had no further effect (third row, Table 1 ). Reversing this sequence, cooling first followed by removal of bath protein, gave similar results. Thus, removal of bath protein inhibited virtually all of the active component of NaCl transport but had no effect on the passive component. This effect was also unassociated with any change in PD, indicating that protein removal inhibits neutral transcellular NaCl transport by a mechanism that is, as yet, not well understood. The implication of these studies to the intact kidney deserves some consideration. In vivo, in contrast to the in vitro situation, dilution of plasma proteins causes a fall in transepithelial resistance and an increase in paracellular permeability.
The paracellular "backleak" hypothesis was proposed at a time when it was generally assumed that the lateral intercellular compartment was hypertonic with respect to luminal and peritubular fluids, and as a consequence there would be solute concentration gradients favoring diffusion of all transported solute back into the lumen. The concept of lateral interspace hypertonicity as the mechanism of isosmotic water transport across leaky epithelia, however, has largely been discredited (32, 51, 55) . Since significant interspace hypertonicity is highly unlikely, an increase in paracellular permeability would cause increased backleak only of those solutes whose concentrations in luminal fluid fall below their respective plasma concentrations.
Thus, reabsorption of glucose, amino acids, and NaHC03 might be inhibited by this mechanism. In contrast, an increase in paracellular permeability itself should enhance, rather than inhibit, NaCl absorption because the electrochemical gradients for Na and Cl along most of the length of the PCT favor absorption rather than backleak (see Fig. 7 ).
The effects of expansion of extracellular volume on proximal reabsorption of NaHC03 and NaCl in the intact kidney has been examined both by in situ microperfusion (2, 3) and by free-flow micropuncture.
In a series of studies in which rat PCT were microperfused in situ (2), it was found that permeability of the tubule to bicarbonate was increased 50% by extracellular volume expansion. The tubules were then perfused with a fluid closely resembling glomerular ultrafiltrate: the bicarbonate concentration was 24 n&I, a value similar to the value in plasma (Fig. 12, left panel) . Under these conditions the average HCOB concentration gradient favoring backdiffusion is small. In addition, the mean rise in luminal chloride concentration is slight so that net NaCl absorption is minimiz ed. Under these conditions volume expansion had no significant effect on either volume absorption or net bicarbonate absorption. There was an increase in backdiffusion of HC03, but the magnitude of backdiffusion in both hydropenia and volume expansion was very small when compared with the rates of proton secretion and net absorption. In another series of experiments (3) the tubules were perfused with a high chloride, low bicarbonate fluid resembling late proximal fluid (Fig. 12,  right panel) . The low luminal HCOY concentration inhibits proton secretion and generates a large gradient favoring backdiffusion, and thus magnifies the effects of increased paracellular permeability.
In contrast, the high luminal chloride would favor passive absorption. As predicted, in these experiments extracellular volume expansion significantly reduced net bicarbonate absorption. This decrease was entirely due to increased backdiffusion without any effect on proton secretion. There was also marked inhibition in NaCl and volume absorption. Because of the orientation of the NaCl concentration gradients, this. effect on NaCl absorption cannot be attributed to increased permeability of the paracellular pathway and must be due to inhibition of active transcellular NaCl transport.
In free-flow micropuncture studies, the net effect of extracellular volume expansion would be expected to be between the extremes of these two microperfusion studies. This, in fact, is the case (M. Cogan, unpublished observations). In Sprague-Dawley rats isohydric extracellular volume expansion had no significant effect on single nephron glomerular filtration rate, but reduced bicarbonate reabsorption by 7%, chloride absorption by 26%, and volume absorption by 15% (Fig. 13) . The small decrease in absolute reabsorption of bicarbonate is consistent with the 50% increase in P~co, observed in the microperfusion studies. The much greater decrease in chloride absorption cannot be attributed to increased paracellular permeability because of the prevailing NaCl concentration gradients and must, therefore, be due to inhibition of transcellular NaCl transport. 1-j EUVOLEMIA m VOLUME EXPANSION In summary, peritubular hydraulic and oncotic pres-execretion by the kidney. In preparing this lecture I felt sures appear to regulate proximal reabsorption. In, the great sympathy for his dilemma. Despite the wealth of intact kidney, alterations in paracellular permeability available data from micropuncture, microperfusion, elecplay a real, albeit minor, role and only in the reabsorption of those solutes whose concentration in proximal tubular fluid fall significantly below their plasma levels. In contrast, the effects of peritubular Starling forces on NaCl reabsorption cannot be mediated by changes in paracellular permeability and must more directly affect the transcellular movement of NaCl. The precise mechanism for this effect is unclear at the present. It is reported that Homer Smith delayed the completion and publication of his monumental book on the kidney because of difficulty in understanding and explaining the control of NaCl trophysiologic, or isolated cell membrane studies, the mechanism of NaCl transport and its regulation remain a frustrating enigma.
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